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S ix  missions are reviewed which cover the  three basic as te ro id  
mission concepts: f lyby, rendezvous, and sample re turn ,  t o  a 
v a r i e t y  of ob jec ts  i nc lud ing  Apol los,  Amors, main be1 t members, 
and Trojans. Mission c h a r a c t e r i s t i c s  and propu ls ion requ i re-  
ments o f  each example are provided along br i th i l l u s t r a t i o n s  o f  f ,  
f l i g h t  p r o f i l e s .  A d e t a i l e d  argument i s  presented f o r  rendez- 
vous encounter as the best  a l t e r n a t i v e  f o r  "exp lora t ion"  l e v e l  
i nves t i ga t i on .  Assumption of t h i s  encourter  op t i on  leads t o  
the  choice o f  mu l t i - as te ro id  rendezvous as the best  concept 
op t i on  f o r  e a r l y  mission exp lo ra t i on  o f  asteroids.  The propul-  
s ion  requirements of multi-rendezvous p o i n t  t o  the need f o r  t he  
t imely  development of low- thrus t  performance c a p a b i l i t y  f o r  
NASA's continued s o l a r  system exp lo ra t i on  program. I t  i s  shown 
t h a t  a minimum so la r  e l e c t r i c  propu ls ion system o f  25 kw w i t h  
ar ray  concentrators i s  needed t o  perform mu1 t i p l e  rendezvous 
missions of more than two as tero ids .  This same system i s  more 
than adequate f o r  sample r e t u r n  missions as we l l .  A b r i e f  d i s -  
cussion of rendezvous maneuvers demonstrates the u t i l i t y  o f  i I 
o r b i t s  f o r  ob jec ts  greater  than 10 km i n  diameter. An encounter 
s t ra tegy i s  proposed which features adaptabi 1 i t y  and f l  ex i  b i  1 i t y ;  
1 
I t h i s  s t ra tegy requ i res  low propu ls ion expenditure and on ly  basic 
a p r i o r i  t a rge t  information. It i s  concluded t h a t  continued 
mission and systems analyses can b r i n g  us t o  a h igh s t a t e  o f  
f l i g h t  p r o j e c t  readiness by the mid-1980's. 
INTRODUCTION 
NASA-directed studies o f  as te ro id  missions habe been performed almost s ince the 
agency was formed. I n i t i a l  resu l t s ,  obtained as e a r l y  as 1963 by I I T  Research I n s t i t u t e  
(Anon., 1964) d e a l t  p r i n c i p a l l y  w i t h  f l yby  missions t o  the we1 1-known ob jec ts ,  e.g., 
Ceres, Vesta, Eros, and Icarus. As both a n a l y t i c a l  c a p a b i l i t y  and propu ls ion technology 
evolved, more d i f f i c u l t  concepts began t o  rece ive considerat ion,  e.g .  , rendezvous and 
sample re turn ,  w i t h  some s tud ies  i nc lud ing  var ious forms o f  low-thrus t propuls ion.  By 
1972 mission analysts had generated a substant ia l  base o f  data on requirements f o r  mis- 
sions t o  s p e c i f i c  asteroids,  e.g., Northrup Services, Inc.  (Anon., 1972). 
Perhaps the ea r l  i e s t  ser ious cons idera t ion  of the importance of as te ro id  missions t o  
so la r  system exp lo ra t i on  by the science comrllunity occurred dur ing the 12th  Colloquium o f  
the IAU, e n t i t l e d  Phys ica l  Studies of the f imr Ptanets, he ld  i n  Tucson, Arizona i n  March 
1971 (Gehrels, ed., 1971). I t  became apparent dur ing the course o f  t h i s  meeting, pa r t i cu -  
per by Anders (1971), t h a t  ser ious planning of an as te ro id  mission 
e a t  t h a t  time. This p o s i t i o n  was s t rong ly  supported by two important  
t a t e  o f  knowledge about as tero ids  was based on 1 i m i  ted data about several 
pproaching ob jec ts  wh i l e  the p o t e n t i a l  f o r  much b e t t e r  in format ion through 
ed ground-based observations was very high; and (2)  mission concepts t o  
ated on s i n g l e  well-known targets ,  which seemed t o  o f fe r  a r e t u r n  of i n -  
s comparatively small, i n  comparison w i t h  the vas t l y  more complex goal of 
as tero id  exp lora t ion .  Consequently, dur ing the decade o f  t he  197O8s, as tero ids  continued 
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t o  be s tud ied from the  Earth, r a t h e r  than by missions, and r i g h t l y  so. Out o f  t h i s  re-  
search has emerged an impressive systematic ca ta log ing of  as te ro id  c h a r a c t e r i s t i c s  i n  the 
form o f  t he  TRIAD data f i l e  (Ze l lner ,  1978). 
Mission concepts a l so  improved. Spec i f i ca l l y ,  ana lys is  of  m u l t i - t a r g e t  concepts, 
introduced i n i t i a l l y  by Brooks and Hampshire I 1  (1972) and subsequently analyzed by Bender 
and Fr ied lander  (1975) and others, have shown t h a t  several ob jec ts  (up t o  s i x  o r  seven) 
can be encountered on a s i n g l e  mission, g r e a t l y  enhancing i t s  p o t e n t i a l  science re tu rn .  
The purpose of  t h i s  paper i s  t o  present a b r i e f  ,?view o f  recent progress i n  as te ro id  mis- 
s ion  ana lys is ,  and t o  present arguments f o r  a p re fe r red  copcept f o r  e a r l y  exp lo ra t i on  of 
the  as tero ids .  The as te ro id  ta rge ts  discussed inc lude Apol los ,  Amors, main be1 t objects,  
and the Trojans. Mission concepts reviewed inc lude f a s t  and slow f lybys ,  rendezvous, and 
sample re tu rn .  Both s i n g l e  and mu1 t i p l e  ta rge t  examples are c i t e d .  Propuls ion requ i re-  
ments of both b a l l i s t i c  and s o l a r  e l e c t r i c  l ow- th rus t  f l i g h t  modes a re  included i n  the  
mission examples examined. Mission concepts and associated c h a r a c t e r i s t i c s  are presented 
f i r s t  by way o f  t y p i c a l  example summaries, fo l lowed by r a t i o n a l e  and support ing arguments 
for  se lec t i on  of the  mu1 t i - a s t e r o i d  rendezvous mission concept f o r  e a r l y  f 1 i g h t  explora- 
t i o n .  The paper concludes w i t h  a b r i e f  d iscussion o f  rendezvous s t ra teg ies  capable of  
g loba l  and d e t a i l e d  i nves t i ga t i ons  of i nd i v idua l  bodies i n  the presence o f  the  small bu t  
not  i n s i g n i f i c a n t  as te ro id  g r a v i t y  f i e l d s .  
SEMI-MJOR nxrs. AU 
Fig. 1. Astero id  mission oppor tun i t y  frequency. 
1 ' ,  I I 
P.!- 1 I r--.- . I . -  -*! 
ASTEROID MISSION CONCEPTS 
Missions tc -he asteroids,  l i k e  a l l  o ther  i n te rp lane ta ry  f l i g h t s  from the  Earth, are 
constrained t o  pe r iod i c  launch oppor tun i t ies .  Although i t  i s  t h e o r e t i c a l l y  poss ib le  t o  I, launch an as te ro id  mission almost any time, owing t o  the  la rge number o f  a v a i l a b l e  t a r -  gets, missions t o  spec i f i c  ob jec ts  have spec i f i c  launch oppor tun i t ies ,  spaced i n  t ime by t h e i r  synodic pe r iod  w i t h  the Earth. Each o b j e c t ' s  synodic per iod i s  c o n t r o l l e d  by the  semimajor a x i s  ( a )  o f  i t s  o r b i t  about the Sun. A p l o t  of  synodic per iod ( r e l a t i v e  t o  the Earth) versus semimajor ax i s  i s  presented i n  F igure  1. The average oppor tun i ty  i n t e r v a l  ( i . e . ,  synodic per iod)  of  Mercury, Venus, Mars, and J u p i t e r  a r e  shown i n  the p l o t  as open c i r c l e s .  Various as tero ids  from the Apo l lo  1976UA (a = 0.83 AU) t o  the  Trojan Hector i (a = 5.15 AU) a re  a l so  presented i n  the  p l o t ,  as s o l i d  dots.  I t  i s  r e a d i l y  apparent from t h i s  presenta t ion  t h a t  missions t o  a l l  as tero ids  beyond Mars can be undertaken w i t h  a f r e -  
quency of  less  than once every two years; main b e l t  missions have ac oppor tun i ty  frequency ! 
averaging once every 16.5 months. Only those ob jec ts  which have o r b i t s  approaching 1 AU 
( the  Ear th 's  o r b i t )  e x h i b i t  i nc reas ing l y  longer gaps between d i r e c t  b a l l i s t i c  opportuni-  
t i es ,  owing t o  the  low r e l a t i v e  motion between themselves and the Earth. These ob jec ts  
are p r i m a r i l y  t he  Apol los and some o f  the  c lose r  Amor;. The longest i n t e r v a l  shown on 
Figure 1 i s  f o r  the Apol lo 1976AA (a = 0.97), 19.1 years. I t  should be noted, however, 
t ha t  whereas ob jec ts  which are accessible on i n t e r v a l s  less  than every two years e x h i b i t  
launch windows o f  approximately a month, ob jec ts  suctl as 1976AA which a re  accessible on l y  
. i 
once i n  a great  wh i l e  remain accessible f o r  many months (perhaps even more than a year )  
when t h e i r  oppor tun i t i es  do occur. One f i n a l  p o i n t  on mission oppor tun i t i es  t o  bear i n  , 
mind i s  t h a t  the  f l i g h t  requirements ( i . e . ,  launch energy, f l i g h t  time, and payload per-  
formance) can be h igh l y  va r iab le  from one oppor tun i ty  t o  the next  because of  the  eccen- 1 
t r i c i t y  and i n c l i n a t i o n  o f  as te ro id  o r b i t s .  Hence, even though mission oppor tun i t i es  re-  
cur  on average every 16.5 months o r  so, favorable oppor tun i t i es  occur w i t h  l ess  frequency; 
s p e c i f i c  examples w i l l  be c i t e d  below. 
Six as te ro id  mission concepts w i l l  be discussed as a means o f  demonstrating the char- 
a c t e r i s t i c s  k h i c h  are  a v a i l a b l e  t o  the mission planner f o r  the  developnient o f  f l i g h t  ex- 
p l o r a t i o n  s t ra teg ies .  The i d e n t i f y i n g  features of each of  these missions are summarized 
i n  Table 1. As can be seen, t h i s  mission se t  includes near-Earth, main be1 t, and Trojan 
as te ro id  ta rgets .  Both b a l l  i s t i c  and low- thrus t  f l i g h t  modes are  represented. Four 
s ing le  missions are included--two rendezvous and two sample r e t u r n  missions; and two 
I .  
m u l t i - t a r g e t  missions w i l l  be discussed--one f l y b y  concept and one rendezvous concept. 
A l l  o f  these missions cou ld  be accomplished w i t h  cu r ren t  technologies. a l though c e r t a i o  
hardware elements requ i red f o r  some o f  the missions have, as ye t ,  not  been developed. 
Each o f  these s i x  examples i s  presented i n d i v i d u a l l y  i n  the fo l l ow ing  subsections. 
I 
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F ig .  2. 1991 1976AA rendezvous ntission. I 
/ '  i 3 3 1 
j i  1 T'-e c lose  p rox im i t y  o f  1976AA t o  the Earth was in~ntediate ly recognized as a p o t e n t i a l l y  : i  1 a t t r a c t i v e  s i t u a t i o n  f o r  f l i g h t  exp lora t ion .  The a s t e r o i d ' s  h igh  o r b i t  i n c l i n a t i o n  o f  more 1 1  i \ than 13". however, was soon 1-eai i zed t o  be a nli t i  g a t i  ng f a c t o r  aga ins t  low-energy a i i  ssions. 
1 I Both unmanned and ~iianned b a l l i s t i c  r o u ~ d - t r i p  missions t o  1976AA have been s tud ied (Niehoff, 1977) and both p o s s i b i l i t i e s  were found t o  requ i re  r r i u l t i p l e  Shu t t l e  launches. Yet more 
.; 1 1 p r a c t i c a l  one-wa! h d l l  i s t i c  rendezvo~s ~ ~ t i s s i o r i s  t c ~  1976AA are  ; \ s i b l e .  An example o f  such 
a nl iss ion i s  i l l u s t r a t e d  i n  F igure  2 w i t h  a J u l y  1992 launch date.  The Ea r th ' s  o r b i t  i s  
: I  I shown as dots i n  the f i gu re ,  w i t h  the e c l i p t i c  p r o j e c t i o n  o f  1976AA's o r b i t  shown as dashes. The h e l i o c c n t r ~ i c  t r a n s f e r  " ~ . ~ f i r  Carth t o  1976AA i s  repi'esented by the s o l i d  arc ntarked w i t h  arrows. A f l i g h t  t i l i l e o f  , days i s  required.  Note tha t  the spacecraf t  would never be 
;,d . B more than 0.15 AU away front the Earth d l r r ing  the e n t i r e  t r a n s f e r  t o  the as te ro id .  A ren- 
; !  i dezvous payload o f  more than 500 kg could be managed w i t h  a Shuttle/IUS(Twin)/Spinner launch 
; I  i system. This would p lace approximately i 0 0  kg o f  science ins t rumenta t ion  a t  rendczvous w i t h  
1976AA. By comparison, t h i s  l t ~ i s s i o n  has approximately the same l e v e l  o f  performance d i  f f  i- , c u j t y  as the G a l i l e o  mission, b u t  i s  accomplished i n  a ~ttuch sho r te r  per iod  o f  time. 
The f i r s t  example i s  a b a l l i s t i c  rendezvous mission t o  the  Apo l lo  as te ro id  1976AA. 
1976AA was discovered two years ago (Shoemaker and He l in .  1978). I t  i s  the  f i r s t  as te ro id  
found w i t h  a sernirnajor a x i s  l ess  than the Ea r th ' s  (0.97 AU). 1976AA's o r b i t ,  w i t h  a p e r i -  ' 
I 1 i I 
1 ! 
I :  
h e l i o n  o f  0.74 AU and an aphe l ion  o f  1.14 AU. crosses the Earth. I t s  o r b i t a l  pe r i od  i s  1 
about 347 days. Hence i t  rltoves s l i g h t l y  f a s t e r  about the Sun than the  Earth. passing i t  
once every 19 years (note the synodic per iod  o f  19?6AA i n  F igure  1 ). The next  window o f  
favorable rendezvous opportuni  t i e s  t o  1976AA occurs between 1991-93 (Bender. 1976). 
I )  
, . 
' + ,  d%wmPi ' 
, . 
r ge r  than 1976AA a re  
ec ts  from t h i s  se t  can be 
" . 
I , '  
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2s Retun  Mission 
This example i s  a low-energy b a l l  i s t i c  savple r e t u r n  mission t o  Anteros. This as te r -  \ 
o id,  discovered i n  1973, i s  a Mars-crosser w i t h  a p e r i h e l i o n  o f  1.06 AU and Jn aphel ion 
almost i n  the main b e l t  a t  1.80 AU. I t s  low i n c l i n a t i o n  o f  8.7" con t r i bu tss  s i g n i f i c a n t l y  . i ,
to  low-energy cha rac te r i s t i cs  G! t h i s  mission, depicted i n  F igure  3. Again the do t ted  9 r -  
b i t  i s  t ha t  o f  the Earth and the dashed o r b i t  i s  t ha t  o f  Anteros. The outbound and r e t u r n  I , ,  
' 1  ' 
1 I I 
I '  
i i 
#ISSION CHAMCTERISTICS 1 
SHITTLE/IUS(TWIN) 
................. LAUNCH 26. 1992 1 ,  ' I  
ARSIVAI. ................ AUGUST 20. 1993 1 
............... STAY f Inf 177 DAYS 1 
I I 
. . . . . . . . . . .  D ~ P A R T U R E  FEBRUARY 14. 1994 
................. W C ~ ~ T R Y  H A Y  14. 1995 i 
i ' 
I 
I \  
\ 
\ 
# 
I 
F i q .  3. 1992 Anteros caniple r e t u r n  mission. i 
1 ! 
229 
1 
Although the  energy requ i red i s  low, the  f l i g h t  t ime o f  t h ree  years i s  comparable t o  
t h a t  requ i red fo r  a Mars sample r e t u r n  mission. The s tay  t ime alone a t  Anteros, i n  t h i s  
example, i s  comparable t o  the f l i g h t  t ime o f  t he  rendezvous mission t o  1976AA presented 
above. I n  general, low-energy f l i g h t  times a re  p ropor t i ona l  t o  the 3/2's power o f  the 
semimajor ax i s  o f  t he  ob jec t ,  so t h a t  sample r e t u r n  missions requ i re  i nc reas ing l y  longer 
times, t he  deeper the as te ro id  b e l t  i s  penetrated, t o  reach a des i red ta rge t .  This s i t u -  
a t i o n  i s  a l l e v i a t e d  somewhat by sho r te r  s tay  t imes (Ear th  i s  more favorab ly  placed a t  
a r r i v a l  f o r  immediate departure) o f  ob jec ts  i n  the  main b e l t ,  and by l ow- th rus t  propulsion, 
bu t  t r i p  tinies w i l l  no t  decrease f o r  more remote ob jec ts .  
The ra the r  h igh  e c c e n t r i c i t y  (e  = 0.26) o f  Anteros, combined w i t h  i t s  per iod o f  625 
days, r e s u l t s  i n  va r iab le  mission energy requirements from one opportuni  t j  t o  the  next. 
With a synodic pe r iod  o f  very near ly  2.4 years t h i s  behavior i s  c y c l i c a l  over a per iod o f  
f i v e  opportutl i  t i e s ,  o r  12 years. I n  o the r  words, t he  low-energy sample r e t u r n  examples 
t o  Anteros presented above occur on l y  once every 12 years, even thouqh f o u r  add i t i ona l  
launch oppor tun i t i es  occur du r ing  t h i s  i n t e r v a l .  As i t  turns  out, one o f  these oppor- 
t u n i t i e s  occurs w i t h  Anteros proper ly  s i t u a t e d  i n  i t s  o r b i t  f o r  a f a s t  one-year sample 
r e t u r n  miss ion b u t  the  energy requirements are  very high.  Such mission v a r i a b i l i t y  w i t h  
oppor tun i ty  i s  t y p i c a l  o f  as tero ids  w i t h  eccen t r i c  o r b i t s .  Add i t iona l  c h a r a c t e r i s t i c s  o f  
Anteros missions can be found i n  a recent paper by Niehoff  (1977). \ 1 . 1  A Main B e l t  h l t f - F l y b y  Mission 
Mu1 ti- targeted as te ro id  f l y b y  missions were introduced by Brooks and Hampshire I I 
(1972) as a means o f  expanding f l y b y  in format ion r e t u r n  f o r  e s s e n t i a l l y  t he  s imple a d d i t i o n  
: j )  o f  a propu ls ion system comparable t o  t h a t  o f  a p lanetary  o r b i t e r .  This concept i s  descr ibed genera l ly  as a se r ies  o f  several b a l l  i s t i c  main be1 t f ly- throughs du r ing  which small amounts ! I  o f  propu ls ion a re  expended a t  appropr ia te  po in ts  along the t r a j e c t o r y  t o  sequen t ia l l y  ac- 
I j q u i r e  ta rge ts  o f  oppor tun i ty .  While there  i s  no way o f  knowing a priori any more than the  
I f i r s t  t a rge t  (usua l l y  selected t o  s t a r t  t he  search procedure), enough ta rge ts  present them- 
' I selves du r ing  the  course o f  generat ing such a miss ion t h a t  some se lec t i on  i s  poss ib le .  The 
, , mu1 t i - f l y b y  example selected f o r  d iscussion here was generated as p a r t  of  a l a r g e r  unpub- 
1 
, 8 
l i shed  study a t  Science Appl icat ions,  Inc. ,  which spec i f i ed  a priori t h a t  t h i s  p a r t i c u l a r  
I , mission encounter Ceres, a t  l e a s t  one M c lass  (metal1 i c )  ob jec t ,  and as many o the r  ob jec ts  
I ,  
. I  as possible.  The miss ion was f u r t h e r  constrained t o  begin dur ing the 1984 launch window I , ,  , i  f o r  Ceres. The e c l i p t i c  t r a j e c t o r y  p r o j e c t i o n  o f  the r z s u l t i n g  miss ion i s  presented i n  1 1  ~j Figure 4. I t  cons is ts  o f  two passPs through the  main b e l t  separated by a reencounter of 
i the  Earth, and includes s i x  as te ro id  f l ybys .  Launch occurs i n  August 1984 and Ceres ( t h e  
I : I  f i r s t  t a r g e t )  i s  encountered i n  May 1985. No low-energy ta rge ts  o f  oppor tun i t y  were found between Earth and Ceres. An impulse o f  390 m/sec i s  app l ied  s h o r t l y  a f t e r  t he  Ceres f l yby  i j l  enabl ing an encounter w i t h  Phi losophia a year  l a t e r  i n  June 1986. Another impulse of 
565 m/sec i s  app l ied  s h o r t l y  a f t t r  Phi losophia f l y b y  t o  reencounter t he  Earth i n  J u l y  1987. 4 :  1: The Ear th 's  g r a v i t y  a s s i s t  along d i t h  a 315 mlsec impulse i s  used t o  reshap? the second main b e l t  f l y - th rough  t o  encounter t he  M-type o b j e c t  Ba th i l de  i n  May 1988. One t a r g e t  of  a opportuni ty,  Harvard, was subsequently found before t h e  Bath i lde  f l y b y  and two more, ; 1 Massevitch and L igu r ia ,  were found a f t e r  Bazhilde but  s t i l l  on the same o r b i t  rebo lu t ion .  : I  ! 1 An add i t i ona l  465 m/sec was needed t o  add t r iete ta rse ts .  L igu r ia ,  t he  f i n a l  f l yby ,  occurs 
' /  
I 1  
i n  May 1989, 4.8 years a f t e r  launch. 
The energy requiremenis o f  t h i s  example are  t h e  lowest o f  the  s i x  mission concepts 
presented. The post- launch impulse requirement i s  1735 mlsec p lus  nav iga t i on  maneuvers. 
A 500 kg spacecraft ca r ry ing  100 kg o f  science instruments would r e q u i r e  an add i t i ona l  
800 kg of post-launch propu ls ion t o  perform t h i s  mission. The t o t a l  i n j e c t e d  mass o f  
1300 kg i s  eas i l y  accomodated by a Shutt le/[US(Twin) system a t  the  requ i red i n j e c t i o n  
energy (C3) o f  54 km2/sec2. Note the f l yby  speeds given i n  F igure  4, which vary from a 
low o f  5.3 km/sec a t  Philosophia t o  a h igh  o f  12.4 km/sec a t  L i g u r i a .  
MISSION CHARACTERISTICS 
....................... 
SHUTTLEIIUS(~~N) 
LAUNCH AUG 84 
CERES FLYBY (10.1 KPS).. ...... MAY 8 5  
rnkLuaurnrn ( r c r ,  
.. PHILOSCPHIA FLYBY (5.3 KPS). JUN 8 6  
...... 1L1GUR111 (316) EARTH SWINGBY (8.2 KPS). JUL 8 7  
HARVARO FLYBY (6.7 KPS). ...... FEB 8 8  
..... BATHlLOE FLYBY (8.5 UPS). HAY 88 
... ............ 
. 
MASSEVITCH FLYBY (5.4 KPS). NOV 88 
. . 
. . . 
...... LIGURIA FLYBY (12.4 UPS) MAY 89  
.............. TOTAL TRIP TIME 4.8 YRS 
............... MISSION MODULE 500 KG 
t T j l  AU 
\ I / LAUNCH i 
Fig .  4. 1984 mu1 t i - a s t e r o i d  f l y b y  mission. 
This example has two encounters on the f i r s t  f l y - th rough and f o u r  on the  second. 
Three encounters per f ly- through are  usual l y  experienced i n  generat ing mu1 t i-f l yby  miss ion 
concepts, so we have here some i n d i c a t i o n  of t he  v a r i a b i l i t y  i n  number o f  encounters pos- 
s i b l e  per pass, althougt, the  en counters s t i l l  average three- per pass. Mu1 t i - f l y b y  
missions can t h e o r e t i c a l l y  be launched anytime. However, i f  a s i n a l e  s ~ e c i f i c  main b e l t  I 
f i r s t  t a r g e t  i s  desired, as was the  case here, launch opportuni t ie;  w i l i  occur on l y  once 
ever.y 16-1 7 months w i t h  some va r iab i  1 i t y  experienced i n  launch energy, and hence maximum 
payload, regardless of  t h e  subsequent ta rgets .  
' r  r j ? ,  
A k i n  Belt Multi-Rendexvoue, MLseion 
i 
This next  example c a p i t a l i z e s  on the  p o t e n t i a l  advantage o f  mu1 t i p l e  encounters by I 
a t t a i n i n g  rendezvous cond i t ions  a t  each ta rge t  instead o f  high-speed f lybys .  Not on ly  do ' 
the spacecraf t  instruments have more than three orders o f  magnitude more t ime t o  study 
each object ,  b u t  l i g h t i n g  cond i t ions  are  con t ro l l ab le ,  d istances r e ~ a i q  constant, and sur-  i 
face probes can be deployed w i t h  reasonably sfla1 1 expenditures o f  energy, if desired.  The 
penal ty f o r  t h i s  added c a p a b i l i t y  i s  ntuch higher energy requirements and longer t o t a l  mls- 
s ion  time. The mult i-rendezvous nl ission i s ,  i n  fac t ,  the  most d i f f i c u l t  mission t o  per- 
t o  meet the post-launch nldneuver requi  rements. 
i form o f  the s i x  examples presented, and requ i res  sq  advanced low- thrus t  propu ls ion system I 
I I 
i 
The example chosen f o r  d iscuss ion 1s a f i v e - t a r g e t  mission t h a t  was generated by ! 
Bender (1977). I t s  e c l i p t i c  f l i g h t  p r o f i l e  i s  depicted i n  F igure  5. As before, the dot -  ! 
ted o r b i t  i s  t h a t  o f  the  Earth, and the s o l i d  arcs marked w i t h  a r r o r s  are  the helioce-. ' c  
t r ans fe rs  between targets .  The dashed arcs i n d i c a t e  the per iods o f  rendezvous (s tay  t 
w i t h  each ta rge t .  This t ime i s  t y p i c a l l y  se t  a t  90 days per ta rget ,  but  i s  s l i g h t l y  long- 
e r  a t  the  f i r s t  ta rget ,  Vesta (1 12 days) f o r  performance reasons. Two d i f fe rences a re  
immediately apparent compared t o  the  m u l t i - f l y b y  p r o f i l e  (Figure 4 ) .  F i r s t ,  once the 
f l i g h t  path reaches the as te ro id  be1 t i t  stays there.  Second, t hc  arcs,  and hence fl i g h t  
i ' :  times, between ta rge ts  are longer. This i s  a necessary r e s u l t  o f  reducing the encounter ' 
speed a t  each ta rge t  t o  zero f o r  rendezvous, and d i r e c t l y  increases t o t a l  t r i p  time. The I ' f i ve - ta rge t  example shown i n  F igure  5 has a 1987 launch and requ i res  almost n ine years t o  
complete if the stay t ime a t  Klytaemnestra i s  added t o  i t s  May 1996 a r r i v a l  date. The i 
energy -e f f i c i en t  s p i r a l  character o f  t he  f l i g h t  path  was poss ib le  i n  t h i s  example because i 
the four as tero ids  encountered a f t e r  Vesta were targets  of  oppor tun i ty .  I f  spec i f i c  t a r -  ! ,' gets are desired, l ess  e f f i c i e n t  f l i g h t  p r o f i l e s  a re  l i k e l y  t o  occur, which could r e s u l t  
i n  fewer target' ,  being accessible w i t h i n  performance capabi 1 i t i e s .  1 
i 
MISSION CHARACTERlSTlCS 
SHUTTLE/lUS(rWIN)/lON D R I V E  (60 KW) 
LAUNCH ....................... OCTOBER 3. 1981 
KLYTAEIlNESTRA ARRIVAL VESTA ARRIVAL ................ MY 14. 1989 
ASIA ARRIVAL ................. APRIL 26. 1991 
............. CAMPANIA ARRlVAL FEBR'LARY 15. 1993 
............... PSYCHE ARRIVAL OCTOBER 7. 1994 I 
KLYTALNNESTRA ARRIVAL ........ MY 31. 1996 
................... STAY TINES 90 TO 112 DAYS 
.................... T R I P  TINE 8.7 YEARS 
M lSS101  WWLE ............... 500 KG 
I , \ . 
............... SURFACE PROBES 75 ffi PER ASTEROID 
I 
i 
! 
I 
! 
1 1  r 
I \ 
! 5 
! 0 
Fig.  5. 1987 mu1 t .  as te ro id  rendezvous miqsion. 
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A 500 kg, non-propulsive mission molule c ~ r r y i n g  100 kg o f  science was assumed f o r  
determining the performance requirements of  t h i s  example. A f u r t h e r  allowance o f  75 kg 
per ta rge t  was added t o  permi t  t he  deploy~nent o f  a  pene!.rator a t  each of  the  f i v e  as ter -  
oids, as we l l  as 100 kg of  mercury propel  : an t  f o r  low- thrus t  s ta t i on -keep ing lo rb i ta l  ma- 
neuvers. With these payload assumptions the mission requires a  60 kw Ion Dr ibe low- thrus t  
propu ls ion system s i m i l a r  t o  t h a t  r ccen t l y  designed by the J e t  Propuls ion Laboratory (Anon 
1977) f o r  a  Hal ley Rendezvous missicn. Thv payload and t h i s  l ow- th rus t  system can be 
launched w i t h  the  Shutt le/ lUS(Twin).  
Launch oppor tun i ty  c h a r a c t e r i s t i c s  are  c i m i l a r  t o  those f o r  the  ~ l u l  t i - f l y b y  mission 
discussed above. The average t ime between reqdezvous encounters, i n  t h i s  example, i s  
1.5 years, which i s  t y p i c a l  f o r  main b e l t  ob jec ts .  Hence, each i n t e r - a s t e r o i d  t r a n s f e r  
and encounter i s  s i m i l a r  t o  an inner  p lanet  m i5 i i on  i n  t ime and operat ions.  The bene f i t  
of  the  mult i-rendezvous mission i s ,  therefore.  no t  so much i n  savings i n  t ime as i t  i s  i n  
savings i n  hardware costs, s ince on ly  one system i s  employed t o  explore many targets .  
Add i t iona l  in format ion on the t radeoff  between number of ta rgets ,  p ropu ls ion requi  rcments, 
and f l i g h t  t ime i s  g iven i n  the next sect ion,  which presents a  r a t i o n a l e  f o r  why the m u l t i -  
rendezvous mission concept should be the base1 i n e  approach to  fl i g h t  exp lo ra t i on  c f  the 
as tero ids .  
A Main Belt Sunple Return Mitiusi.on 
This example. a  sample r e t u r n  mission t o  a  main b e l t  as tero id .  i s  presented f o r  sev- 
e r a l  reasons. F i r s t ,  m i n  b e l t  sample r e t u r n  i s  a  very probable element o f  any comprehen- 
s i v e  as te ro id  exp lo ra t i on  s t ra tegy.  Second, sample r e t u r n  from main be1 t as tero ids  i s  
considerably more d i f f i c u l t  than from wel l -p laced Apollos o r  A~nors (such as 4nteros d i s -  
cussed e a r l i e r ) ,  an inlportant p o i n t  re levant  to  ulanning exp lo ra t i on  s t ra teg ies .  
1 
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M I  SSlm CHARACTERISJIC> 
TLE/ IUS(TWIN) /SEP(2I  I(W) 
.................... LAUNCH JUNE 25. 1990 
.............. VESTA ARRIVAL HAY 25. 1992 
STAY T I M E  .................. 30 DAYS 
........... 
.................... 
VtSTA DEPARlURL JUNE 24. 1992 
REENTRY DECEMBER 27. 1993 
................ LE S I Z E  1 KG 
T 
I 
............... 
\ 
# 
F ig .  6. 1990 Vesta sample r e t u r n  mission. 
The s p e c i f i c  example chosen f o r  i 1 l u s t r a t t o n  o f  requirements and c h a r a c t e r i s t i c s  i s  
a 1990 Vesta sample re turn .  The he1 i o c e n t r l c  f l i g h t  p r o f i l e  i s  presented i n  F igure  6. 
Launch takes p lace i n  June 1990. A low- thrus t  i n te rp lane ta ry  t r a n s f e r  d e l i v e r s  the sample 
r e t u r n  mission module t o  Vesta almost two years l a t e r  i n  May 1992. A s h o r t  stay t ime o f  
30 days i s  assumed f o r  sample a c q u i s i t i o n  on the  presumption t h a t  t h e  t a r g e t  has already 
been explored by a precursor rendezvous mission. The same low- thrus t  system begins a . , ,  C .+ , - -  - 
s p i r a l  departure o f  Vesta i n  June 1992. The 1.5-year r e t u r n  t r a j e c t o r y  reencounters 
the Earth i n  December 1993 where the sample capsule i s  released on a d i r e c t  reent ry  f l i g h t  - a .  1 , .  
1 ,  
path f o r  surface recovery. The t o t a l  mission t ime f o r  t h i s  example i s  3.5 years, which i s  
, !  , . . t y p i c a l  f o r  missions o f  t h i s  k ind.  , . 
. . Payload assumptions f o r  a performance ana lys is  o f  t h i s  mission a re  s i m i l a r  t o  those . ' ~ ;  - ., 
assumed f o r  the  Anteros b a l l  i s t i c  sample r e t u r n  discussed above. An i n te rp lane ta ry  mis- 
s ion  module o f  400 kg i s  needed, together  w i t h  the low- thrus t  propu ls ion system. Encourlter b , i , 
operations, i nc lud ing  i n i t i a l  o r b i t  capture, descent, sample acqu is i t i on ,  ascent, and ren- 1 ' .  : I  dezvous w i t h  the wa i t i ng  i n te rp lane ta ry  low- thrus t  system and mission module are  handled I .  
by a 495 kg lander/ascent/rendezvous (LAP.) module. The f i n a l  hardware system needed i!; . I , . , ,   - j ! . 
the sample reent ry  capsule budgeted a t  30 kg i nc lud ing  a 1 kg sample. The 30-day stay t ime : :  , 9 
t . "  
, . 
i s  d iv ided i n t o  f o u r  segments: (1)  a three-day approach phase terminated w i t h  impuls ive ' * ,  t , 
capture o f  the  e n t i r e  system using LAR propu ls ion i n t o  a low c i r c u l a r  o r b i t ;  ( 2 )  one week 4 ' .  r .; ! , . 
o f  o r b i t a l  reconnaissance f o r  s i t e  se lec t ion ;  (3)  one week fo r  descent, acqu is i t i on ,  ,and , .  : . ) :. 
de l i ve ry  of the sample by the LAR t o  the  w - i t i n g  i n te rp lane ta ry  spacecraft; and (4)  low- <.;I  : .. 
t h r u s t  s p i r a l  escape from Vesta i n  the remaining 13 days. 1 . ' .  , .  
A pre l iminary  assessment o f  i n te rp lane ta ry  f l i g h t  opt ions c l e a r l y  showed t h a t  law- , . .  . i . ,  
t h r u s t  propu ls ion i s  needed f o r  main b e l t  as te ro id  sample re turns  such as the  Vesta example 1 , .  discussed. To perform t h i s  mission bal l i s t i c a l  l y ,  even w i t h  o p t i m i s t i c  energy and post-  : . {  1 
launch propu ls ion assumptions, would requ i re  f o u r  Shu t t l e  launches. These 1 aunches would , 
be used t o  assemble 11 IUS stages i n  o r b i t  needed t o  i n j e c t  t he  requ i red payload ( i nc lud ing  ; j ,i 
post-launch propu ls ion)  on a b a l l  i s t i c  t r a n s f e r  t r a j e c t o r y  t o  Vesta. By compari soti, t he  I _  
low- thrus t  mission can be performed w i t h  a s i n g l e  Shutt le/IUS(Twin) launch. A 25 kw s o l a r  
e l e c t r i c  low- thrus t  propu ls ion module e a s i l y  performs the i n te rp lane ta ry  transfer;. It ;; should be noted t h a t  t h i s  system i s  considerably l ess  advanced and less  c o s t l y  tb3n the : ,  
60 kw Ion Dr i ve  system used i n  the p re i i ous  mu l t i - as te ro id  rendezvous mission ex;lmple. I *  ' I  I 
It fo l lows t h a t  s i n g l e  main b e l t  as te ro id  sample r e t u r n  missions a re  more e a s i l y  performed 1 : I . :  
than main b e l t  mult i-rendezvous missions, from a propu ls ion p o i n t  o f  view. I 1 ,  ~ 1 ! ,  
i l  i '  'i ' .. 
A Trojan Astaroid Rendeaw Mission 
The f i n a l  example t o  be discussed i s  a rendezvous mission t o  a Trojan as tero id ,  cao- 
t u r d  a t  one of the  s t a b l e  l i b r a t i o n  po in ts  o f  J u p i t e r .  Launch opportuni  ti% t o  the Tro- 
jans occur a t  13 month i n t e r v a l s  (see Hektor, F igure  1 ) .  L i t t l e ,  i f  any, ~ ~ i s s i o n  a a lys is  
has been performed on the Trojan as tero ids .  Therefore, t he  example presented here was 
selected t o  be representa t ive  of  minimum requirements f o r  Trojan rendezvofls, t o  determine 
if b a l l i s t i c  f l i g h t  performance i s  adequate f o r  t h i s  c lass  o f  as te ro id  m;ssions. 
The selected t a r g e t  i s  the  Tro jan as te ro id  Odysseus, which has the r a t h e r  small o r b i t  
i n c l i n a t i o n  o f  on ly  3.2". Propuls ion requirements were f u r t h e r  minimie.ed, i n  the case 
examined, by se lec t i ng  an optimum l a u ~ c h  oppor tun i ty ,  i . e .  , November 1968. The b a l l  i s t i c  
f l i g h t  p r o f i l e  i s  shown i n  Figure 7, lrsing the  same o r b i t  p r o f i l e  for.nats as i n  the preced- 
i n g  examples. Rendezvous occurs i n  September 1991 , almost th ree yea 's a f t e r  launch. 
I t  i s  apparent from +.he energy requirements f o r  t h i s  f l i g h t  p r o f i l e  t h a t  t h i s  would 
be a d i f f i c u l t  b a l l i s t i c  mission t o  perform, considerably more d i f f i c u l t  than the 
G a l i l e o  mission, f o r  example. Hence. the performance ana lys is  waj based on the  f u l l  capa- 
b i l i t y  of a Shuttle/IUS(Twin)/Spinner launch veh ic le  i n  order  t o  determine maximum payload 
capabi 1 i ty .  Using a two-stage , high-energy , space-storable ret;opropul s ion  system, the 
' 1 j*pj'-,? . : i  p . . . -  1 
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................. s . 2  MI LNMH N ~ V E M ~ E R  2. 1pes 
....... OOYSSNS ARRIVAL SEP7R6BER 29, 1991 
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Fig. 7 .  1988 Odysseus rendezvous mission. 
maximum de l i ve red  rendezvous payload was found t o  be on ly  115 kg. W i  thou? exp lor ing  t h i s  
example any f u r t h e r ,  two conclusions are apparent. F i r s t ,  even the most accessible Trojan 
as tero ids  w i  11 requ i re  low- th rus t  propu ls ion ( o r  g rav i  t y - a s t i s t e d  t r a j e c t o r i e s )  f o r  ren- 
dezvous. Second, the 1 i k e l  ihood o f  mu1 t i-rendezvous Trojan as te ro id  missions i s  doubtfu l  
i n  l i g h t  o f  these energy requirements and the substan- ia l  d i f fe rences i n  o r b i t  i n c l i n a -  
t i o n s  o f  the l a r g e r  known bodies. 
MULTI-ASTEROID RENDEZVOUS: PREFERRED EXPLORATION HODE 
& 
. 0 :  
, . 
The Comni t t e e  on Planetaty and 1 unar Explorclt ion \ ;OMPLFX) (Anci.,  1976) has def ined " b 
th ree l e v e l s  o f  p lanetary  i nves t i ga ,~on  wbich are.  i n  increasing order o f  comprehension 
, - 
and soph is t i ca t i on :  (1 ) reconnaissance. ( 2 )  exp lora t ion ,  and (3)  i n tens i ve  study. The 
de ta i l ed  ground-based program o f  as te ro id  observations, c u r r e n t l y  i n  progress, i s  o f t e n  i - 
c i t e d  as the reconnaissance phase o f  as te ro id  exp lora t ion .  If t h i s  premise i s  co r rec t ,  . . 
- .  then i n i t i a l  f 1 i g h t  p ro jec ts  should address "exo lora t ion"  l e v e l  questions o f  as te ro id  i n -  
$ : :  
v es t i ga t i on .  With t h i s  perspect ive  i n  mind, an important  quest ion t o  be answered p r i o r  t o  i 
the planning o f  as te ro id  exp lo ra t i on  s t ra teg ies  i s :  "What i s  an appropr ia te  miss ion con- I ., 
cept t o  undertake ' exp lo ra t i on '  l eve l  i n v e s t i g a t i o n  o f  the  as tero ids?"  . .  I 
: t; 
Three miss ion concepts embrace the s i x  as te ro id  mission examples j u s t  discussed: 1 '  
f lyby,  rendezvous, and sample re tu rn .  :he f l y b y  concept can be f u r t h e r  d i v ided  i n t o  two I I 
subconcepts, f a s t  f l y b y  and slow f lyby .  (Only the f a s t  f l y b y  concept has been discussed :: ', i 
above, i . c . ,  the b a l l i s t i c  mu1 t i - f l y b y  main be1 t mission example. ) There are, therefore, , . 
! ,I 
i i  . 
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., - 4  , I f o u r  basic mission concepts f o r  exp lo ra t i on  l e v e l  study o f  t he  as tero id .  I n  p lanetary  . . 
. d , !  
e xp lo ra t i on  s t ra teg ies ,  t h e  sample r e t u r n  concept i s  considered a p o r t  of  i n t e n s i v e  study. I '  
, . 
i ' 
The p re fe r red  approach i s  t o  develop a broad base o f  "exp lora t ion"  l e v e l  knowledge w i t h  . - 7  ' 
less  c o s t l y  one-way mu l t i - t a rge ted  as te ro id  missions, then prc .LU w i t h  sample r e t u r n  mis- 1 
sions t o  a few s p e c i f i c  representa t ive  as tero ids ,  ir order  t o  e f f e c t i v e l y  pursue " in ten-  
s i v e  study" l e v e l  obje. i i v e s  o f  as te ro id  exp lora t ion .  I t  should be noted, however, i n  the 
s p e c i f i c  case o f  low-energy Apol l o  and Amor objects,  i t  may be poss ib le  t o  combine "explo- i 
r a t i o n "  and " i n tens i ve  study" w f t h  m u l t i p l e  ob jec t  sample re tu rns .  The p r a c t i c a l i t y  of 4 . .  1 ! 
such a hyb r id  approach w i l l  depend on add i t i ona l  d iscover ies  o f  such low-energy ob jec ts  as 3 .  
we l l  as f u r t h e r  engineer ing s tud ies  o f  mission requirements. 
The azCignment o f  sample r e t u r n  t o  the "intensi3,,e study" l e v e l  s t i l l  leaves three 
basic m is i  :on concepts t o  choose from f o r  "exploration" l e v e l  i nves t i ga t i ons ,  i . e .  , fas t  ' 4  
f l yby ,  slow f l y b y ,  and rendezvous. Assuming t h a t  a1 1 of  these concepts are capable of 1 ; .  
ca r ry ing  a comparable comprehensive science payload (on the order  of  100 kg mass), then , - :  , *. . % 
# , 
the e f fec t iveness o f  each can be judged i n  terms o f  those payloads' encounter performance. 
Encounter performance wi 11 be assessed here by cons ider ing the  capabi 1 i t y  ( s p a t i a l  reso l  u- 
t i b n  and t ime)  o f  a v i sua l  imaging experimefit, the  premise being t h a t  i f  imaging encounter ,i.. :, I .  
c a p a b i l i t i e s  are unsat is fac tory ,  so a l s o  w i l l  be most, if n o t  a l l ,  o f  the  o the r  remote , ,  : ; I ;  .- 
sensing instruments. I n  o ther  words, i f  an as te ro i i l  remote sensing payload cannot produce . , 
acceptable imaging science because o f  enccunter cond i t ions  ( p r i m r i  l y  v-.loci t y )  , i t  w i  11 
no t  produce good science w i t h  i t s  o the r  ins t rumenta t ion  ol t .her.  I 
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i . 4 .  , reso lvab le  p i c t u r e  e l m n t s  an w d c r  o f  m g n i  tude smdl l e r  than the snel l e r  t a rge ts  o f  
i n t e r e s t .  This s t i l l  leaves the lower I l m i t  o f  r e s o l u t i o n  a t  1  km. c e r t a i n l y  q u i t e  crude 
even by comparison w i  t h  lower r e s o l u t i o n  p lanetary  imaging capabi l  i t i e s .  The 1  i ~ l i i t i n g  I 
e f f e c t i v e  r e s o l u t i o n  a f  spacecraf t  imaging instrunlents. based on V ik ing  o r b i t e r  and Voyager 
design, i s  about 2 arcsec. Hence, f o r  reso lu t i ons  of b e t t e r  than ; O h \ ,  the i n s t r u ~ l w n t  - I 
must be w i t h i n  104 km o f  the t a r g e t  as i l l u s t r a t e d  by thedashed l i n e s  i n  F igure  8. l h i s  3 t 
j ,  
b 
fo re  useful  data on surface features can be ~ssumed. These values w i l l  now be used t o  
evaluate the e f fec t iveness o f  the th ree candidate "exp lora t ion"  l e v e l  mission concepts 
a 1 :  
def ined above. 
As ter ,o~d encounter t radeof fs  between f l yby  v e l o c i t y  and tinre w i t h i n  spec i f i ed  :esolu- 
t i o n  boundaries are  presented i n  F i g w e  9. f l y b y  v e l o c i t y  i s  hown a!ony the abscissa. a )  
Tim: w i t h i n  r e s o l u t i o n  boundaries i s  g iven on the l e f t  o rd ina te  i,n niinutes, w i t h  s o l i d  
curves f o r  the two r e s o l u t i o n  boundaries def ined dhove, ; . c . ,  1 0 '  Lm .tnd 10' Am, p l o t t e d  
i n  the  graph. For the purpose o f  cotliputations an enccunter o f  Ce,-?s 11.3s been dssu~ned w i t h  
a  c l o ~ e s t  approacii o f  100 k r .  The e f fec t  o f  assuming a smal le r  t a rqe t  w i l l  he 11rent:oned 
i n  a  moment. Consider f i r s t  the fas t  f l y b y  encounters. I n  the rtiain b e l t  mu l t i - a \ : v r . o i l  
f l y b v  exan~ple discussed e a r l i e r  (see f i g u r e  4 ) .  a ni in im~m f l yby  speed o f  5.3 A ~ ~ i s e c  was 
noted f o r  t he  second ta rget .  Phi losophia.  This value i s  no t  ri!uch above the theur'et ical 4 ' 
m i ~ i m u ~ i !  f l y b y  speed o f  4.5 km/sec f o r  a  main b e l t  as te ro id  a t  a  mean d is tance o f  2.4 AU. ! : ' 1  
encountered by a  b a l l i s t i c  oplanar t rans fer  f ran  the Earth.  Tlre average f l v h y  speed o f  b 
I the  s i x  encounters i s  8 Lm/sec. The r e s u l t i n g  times spent w i t h i n  the r e s o l u t i o r ~  boundaries I 
f o r  speeds o f  5 and 8 kmlsec, found i n  c i au re  9, are as fo l l ows :  
- - - -- - - . -- - - - - - .. - - - -- . - 
.-.- -  1 Resol u  t i on Bounda~ I es 
- .- -. - - -  . . - . - - - - - - .~. 
4 '  
; I 
, - - . - - . - - . - - - - - - - . . - - - - - - . - - . - - - . - - - . - - . - - - - 
Mi n  i :::urn. 5 knl/ sec 
Averaye, 8 kmn/sec I .  . .  . .  . .. I 
These t imes are, of iourse .  maximum poss ib le  values. Imacje smear near c l oses t  approach. as 
w e l l  as ~ n f a v o r a b l e  so la r  1  i g h t i n g  geometry would reduce these t i l l r s .  For smal let- ob jec ts  
the  t imes w i t h i n  the boundaries (measured frola the surface) would a l so  he less .  
Typical  t s t e r o i d  r o t a t i o n  ~ e r i o d s  are 5-10 h r .  Hence, t o  oh ta in  f a l l  l ong i t ud ina l  i t  
coveraqe o f  as tero ids  w i t h  re l io tc  sensing spacecraf t  w i  11 requ i re  ,:! :,',w: 5 h r  (300 niin! I 
w i t h i n  acceptaLle r e s o l u t i o n  boundaries. A conservat ive value o f  10 h r  (600 min) seenis \ 8 
more reasonable f o ~  p lanning purposes (assunring the spec i f i c  mission t a n l e t s  do no t  have 
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F ig.  9. Astero id  encounter t radeof fs .  
known r o t a t i o n  rate; before encounter), espec ia l l y  when the ex tent  o f  poss ib le  r o t a t i o n  
var ia t ions,  l i g h t i n g  condi t ions,  ob jec t  s ize,  and exposure/smear fac to rs  a re  a l l  taken 
i n t o  account. Returning t o  Figure 9, i t  i s  found t h a t  the  f l y b y  speeds requ i red t o  pro- ! 
v i de  60C min w i t h i n  the  boundaries of 10,000 km and 1,000 km are  0.58 km/sec and 0.08 km/ 
sec, respect ive ly .  These v e l o c i t i e s  are  between one and two orders o f  m g n i  tude slower 
than the average speed of  the  m u l t i - f l y b y  mission example presented i n  Figure 4. Fact i f lybys severely r e s t r i c t  the  amount of  useful data obtained. Hence, i t  can be concldded 
tha t  on l y  the slow f lyby  and rendezvous mission concepts are  s u i t a b l e  candidates f o r  , , 
"exp lora t ion"  l eve l  as te ro id  i nves t i ga t i on ,  where slow f l y b y  re fe rs  t o  encounter v e l o c i t i e s  
of l ess  than 1 km/sec. 
0 
The key t radeof f  which d ic ta tes  the choice between slow flyby and rendezvous mission 
PROPULSION SYSTEM 
(40 KW; CF = 3.2) 
2.000 - 
MISSION HOWLE 
0.90 
2 3 4 5 6 7 8 9 1 0  
AVERAGE NUMBER OF TARGETS 
F i g .  10. Capabi l i ty  o f  advanced solar  e l e c t r i c  
propulsion fo r  ~ n u l t i p l e  asteroid rendezvous missions. 
shows the maximum i n j e c t e d  mass which can be launched by a  Shutt le/IUS(Twin) veh ic le  a t  
t he  t y p i c a l  vie vim i n j e c t i o n  e,?ergy requirement. Up t o  e i g h t  t a rge ts  can be encountered 
wi thout  landers, and up t o  s i x  t a rge ts  reached w i t h  small landers, w i thou t  exceeding s i n g l e  
launch S h u t t l e  c a p a b i l i t y .  Because o f  c e r t a i n  simp1 i f y i n g  assumptions, these pre l iminary  
r e s u l t s  represent upper l i m i t s  on number o f  ta rgets .  Also, i t  should be noted t h a t  t y p i -  
c a l l y  1.5 years o f  f l i g h t  t ime i s  requ i red t o  reach each ta rge t .  Hence, an e i g h t - t a r g e t  
mission would have a  t r i p  t ime from launch t o  the  f i n a l  t a rge t  o f  12 years. The impact o f  
such long endeavors needs t o  be assessed both i n  terms o f  r e l i a b i l i t y  and planning o f  s c i -  
ence i n v e s t i g a t o r  p a r t i c i p a t i o n .  
The r e s u l t s  shown i n  F igure  10 are  der ived f o r  a  40 kw Ion Dr i ve  l ow- th rus t  system 
w i t h  s o l a r  a r ray  concentrators, a  design considerably advanced over e a r l y  l o x - t h r u s t  devel- 
opment plans. Using a  l ess  advanced 25 kw design, s t i l l  w i t h  concentrators,  would decrease 
the  number o f  t a rge ts  t o  th ree o r  four .  Fur ther  decreasing the design t o  a  25 kw system 
wi thout  concentrat ion,  representa t ive  o f  cu r ren t  SEP technology, would decrease the  number 
of  t a rge ts  t o  on l y  two. Hence, the p o t e n t i a l  exp lo ra t i on  c a p a b i l i t y  o f  t he  mu l t i - as te ro id  
rendezvous concept very much depends upon t h e  l e v e l  o f  low- thrus t  performance a v a i l a b l e  a t  
t he  t ime such missions are  t o  be implemented. 
RENDEZVOUS OPERATION CONSIOERATIONS 
A few remarks on maneuver s t ra teg ies  du r ing  rendezvous should be made s ince the ef- 
f ec ts  o f  as te ro id  g r a v i t y  f i e l d s  are  d i f f e r e n t  from those encountered i n  p lanetary  exper i -  
ence. The g r a v i t y  o f  as tero ids  l a r g e r  than 10 km i n  diameter i s  g rea te r  than t h a t  usua l l y  
assumed fo r  comet nuc le i .  Hence, stat ion-keeping rendezvous s t ra teg ies  t y p i c a l l y  assumed 
f o r  comet rendezvous missions can be very c o s t l y  a t  as tero ids  l a r g e r  than 10 km, p a r t i c u -  
l a r l y  when c lose approaches ( ~ 1 0 0  km) are  desired.  The p re fe r red  a1 t e r n a t i v e  i s  t o  o r b i t  
these objects,  j u s t  as i s  done on p lanetary  rendezvous missions. 
O r b i t a l  per iods (ord inate)  are presented as a  funct ion  o f  o r b i t  a1 t i  tude (abscissa) i n  
F igure  11 f o r  four s i z e  (diameter) as tero ids :  1, 19, 100 and 1000 km, assu:ning a  mean den- 
s i t y  o f  3  g/cm3. Two-body epuations o f  motion d i c t a t e  that. a l l  spher ica l  bodies of  equal 
dens i t y  have the same o r b i t a l  per iods a t  zero a l t i t u d e ,  i . s . ,  1.9 h r .  However, as a l t i t u d e  
increases the  associated o r b i t a l  per iods about smal le r  bodies increases more r a p i d l y  than 
f o r  l a r g e r  bodies. This c h a r a c t e r i s t i c  i s  ev ident  i n  F igure  11. Hence, a t  10 km a l t i t u d e  
the  o r b i t a l  per iod about the l a r g e s t  as te ro id  Ceres (21000 km diameter) i s  s t i l l  on l y  1.9 h r  
wnereas f o r  a  1  km ob jec t  i t  i s  180 h r  ( f rom Figure 11).  A t  100 km a l t i t u d e  the Ceres o r -  
b i t e r  would s t i l l  have a  sho r t  per iod o f  o n l y  2.5 hr ,  whereas a  1  km a s t e r c i d  o r b i t e r  would 
have an extremely long pe r iod  o f  5400 h r  (225 days). I n  f a c t ,  a  1  km as te ro id  a t  a  mean 
so la r  d is tance o f  2.75 A'J would have a  sphere-of- inf luence o f  on l y  100 km. 
Given the o r b i t a l  c h a r a c t e r i s t i c s  j u s t  described, what should the encounter s t ra tegy 
be f o r  a  f i r s t  remgte sensing payload? Many p o s s i b i l i t i e s  e x i b t .  Gne a t t r a c t i v e  scenario, 
which i s  sequent ia l ly  phased i n  th ree steps from broad global  reconnaissance t o  very de- 
t a i l e d  study, goes as fo l lows:  
Step 1: Slowly approach the as te ro id  from a r e s t  p o s i t i o n  beginning 
a t  the order  o f  50,000 km. During t h i s  t ime (23 days) con- 
t i  nue processing low-reso lu t ion  imaging t o  determine o b j e c t  
s ize ,  shape, r o t a t i o n  ra te ,  and po la r  ax is .  
Step 2: Es tab l i sh  a  po la r  observat ion o r b i t  w i t h  a  per iod a t  l e a s t  
several times longer than the as te ro id  r o t a t i o n  per iod f o r  
g loba l  medi um r e s o l u t i o n  coverage. 
Step 3: When g loba l  coverage i s  complete t rans fe r  t o  a  low a1 t i  tude 
c i r c u l a r  o r b i t  which i s  near ly  resonant w i t h  the r o t a t i n g  
ob jec t  so t h a t  s i t e s  o f  s p e c i f i c  i n t e r e s t  can be s tud ied 
r e p e t i t i v e l y  i n  d e t a i l .  
loO*r- I I I I I I I 
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F i g .  1 1 .  O r b i t a l  c h a r a c t e r i s t i c s  around a s t e r o i d s .  
; 
2; "I ; Three examples of  t h i s  rendezvous maneuver s t ra tegy  a re  sumnarized i n  Table 2 f o r  :,: ,; 1 , , ~  th ree l a r g e  as tero ids :  Fortuna, Urania, and Vesta. Global coverage o r b i t  a1 t i t u d e s  near I .% ,. . . 800 km were chosen t o  prov ide 100 m imaging reso lu t i on .  Minimum coverage t imes f o r  these i - - I , 
ob jec ts  var ied f r o m  1-4 weeks. Resonant low a l t i t u d e  o r b i t s  o f  l ess  than 70 km prov ide ; *? : 
r eso lu t i ons  o f  b e t t e r  than 8 m w i t h  the  same camera system. Note a l s o  the  small amount : ;  . 
I. , 
o f  impuls ive AV which would be requ i red t o  e s t a b l i s h  these o r b i t s ,  t he  most being 141 m/ . .  . I - , I  
. ,  . 7 1 
sec f o r  Vesta. Hence, these o r b i t s  can be es tab l ished i n  a sho r t  pe r iod  o f  t ime w i t h  the  t , 
low- thrus t  i n t e r - a s t e r o i d  propu ls ion system, o r  even w i t h  a small a u x i l i a r y  chemical pro- t . .I 
pu l s ion  system, i f  pre fer red.  I n  summary, an adapt ive o r b i t a l  sensing s t ra tegy  i s  sug- 
gested f o r  as te ro id  rendezvous payloads which o f f e r s  considerable i n v e s t i g a t i o n  f l e x i  b i  l- 1 . :  , 
i t y  a t  minimum propu ls ion cost .  ! I 
Table 2. Astero id  Rendezvous P r o f i  1 e Example 
- 
Astero ids  
Parameters 
Fortuna Urani a Ves t a  
Class Object 
Diameter (km) 
Rota t ion  Per iod ( h r )  
I n i t i a l  O r b i t  A1 ti tude f o r  Global Mapping (km)a 
I n i t i a l  O r b i t  Per iod ( h r )  
Minimum Global Mapping Time (days )a  
F ina l  O r b i t  A1 t i  tude f o r  Deta i led  Studies (km)a 
F ina l  O r b i t  Per iod ( h r )  
F i n a l  O r b i t  Rate: Rota t ion  Rate Resonance 
Equivalent  Tota l  AV f o r  O r b i t  Capture (m/sec) 
a ~ h e s e  data presented f o r  750 mn foca l  l eng th  camera w i t h  a 49 mrad f i e ld -o f - v iew  and 
120 llrad per l i n e  p a i r  reso lu t ion ;  mapping reso lu t i ons  are  5100 m, d e t a i l e d  s tud ies  reso- 
l u t i o n s  are 9 m. 
> - 
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DISCUSSION 
ssion module f o r  the Anteros sample r e t u r n  miss ion  i nc lude  some 
NIEHOFF: Yes, there  i s  2 separate lander veh i c le  t h a t  a c t u a l l y  does the a c q u i s i t i o n  and 
which has some surface scicnre.  There i s  a l s o  an al lowance o f  50 kg f o r  remote sens- 
i n g  instruments. 
1 A V  f o r  a m u l t i - a s t e r o i d  f l y b y  mission? 
n shown i t  i s  1700 m/sec. This i s  the A V  a f t e r  Earth escape, 
er than Ga l i l eo .  
VEVERKA: I am confused between the two Ion  Dr ives.  I s  t he  convent ional  one the  same as 
the  one c u r r e n t l y  being discussed f o r  a poss ib le  Comet Encke o r  Tempe1 2 mission? 
NIEHOFF: Yes. Twenty- f ive k i l o w a t t s  i s  enough t o  do Encke o r  Tempe1 2 rendezvous. 
WETHERILL: I s  there  anything e s s e n t i a l l y  d i f f i c u l t  about going t o  the 60 kw ins tead o f  
25 kw? I s  i t  j u s t  a matter  o f  making i t  b igger  o r  does the cos t  go up enormously? 
MORRISON: There are  some engineer ing changes w i t h  the  l a r g e r  system. One t r i e s  f o r  
h igher  e f f i c i e n c i e s  and t h a t  costs ex t ra .  For example, the s o l a r  concent ra tor  f o r  
the 25 kw system i s  s impler ,  a f a c t o r  o f  two ins tead o f  a f a c t o r  o f  four .  
FANALE: I would 1 i ke t o  make two conments. One i s  t h a t  the example you gave o f  imaging 
i s  very use fu l .  However, i f  you d i d  the  same exerc ise  f o r  o the r  instrunlents which 
have wider f i e l ds -o f - v i ew .  i t  i s  even lrlore devastat ing.  My second comment i s  t h a t  i t  
i s  no t  j u s t  the r e s o l u t i o n  t h a t  we are concerned w i th .  We mentioned b r i e f l y  g loba l  
coverage t h a t  you ge t  on ly  i f  you watch the as te ro id  r o t a t e .  You a l s o  want va r i a t i ons  
i n  the Sun-spacecraft-object geometry f o r  photopolar imetry,  radiometry and f i e l d s  and 
p a r t i c l e s  experiments. I agree the  r e s o l u t i o n  i s  a bas ic  t h i n g  bu t  there  a re  o the r  
important  th ings  as we l l ,  a l l  o f  which argue f o r  the  advantages o f  rendezvous. 
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ARNOLD: Usual ly on missions l i k e  ~ ~ i i s ,  the  gamma-ray spectrometer i s  t he  c r i t i c a l  i tem 1 ! 
as f a r  as t ime i s  concerned and I am de l i gh ted  t o  have o the r  people a l so  wanting t o  ' r  
be around f o r  a  long b;me. For the  gamma-ray spectrometer, and f o r  t he  x-ray system 
as we l l ,  one r e a l l y  needs t o  be p r e t t y  close. The angular f i e l d  i s  t y p i c a l l y  30°, 
which means i n  your d e s c r i p t i o n  o f  the  as te ro id  encounter, the  t ime spent a t  100 km I . ,  
from the o b j e c t  i s  very i n t e r e s t i n g .  Being 800 km away i s  not. Many th ings I came 
here t o  argue f o r  from one p o i n t  of view are sur fac ing as usefu l  from o the r  po in t s  o f  
view and i t  sounds as if a s tay  t ime on the order  o f  60 days i s  r e a l i s t i c .  
NIEHOFF: The reason f o r  t h a t  h igher o r b i t  was t o  get  a  quick g loba l  map. It would prob- 
ab ly  take much longer and be a  much b igger  burden on the  imaging system i f  the i n i t i a l  
map were done a t  c lose r  range. 
ARNOLD: I t h i n k  i f  you t r i e d  t o  p i c t u r e  yourse l f  i n  t h a t  room planning the sequence o f  , ' I  
steps, having t h a t  qu ick  map would be very, very valuable before  you s t a r t e d  t r y i n g  ) I  
t o  t h i n k  what you were going t o  do next .  
. ! ;  NIEHOFF: One t h i n g  I d i d n ' t  mention was t h a t  we are  i n  the process o f  doing an ana lys is  
of  g r a v i t y  mapping w i t h  Doppler t rack ing  and the i n i t i a l  r e s u l t s  look  encouraging. 
No separate instrument mdy be necessary t o  g e t  the  mass d i s t r i b u t i o n .  1 
ARNOLD: There i s  a  d i s t i n c t i o n ,  which i s  important  t o  me, between o r b i t i n g  and s t a t i o n -  
keeping. I would sure ly  t h i n k  o f  o r b i t i n g  Ceres o r  any r e a l l y  b i g  ob jec t .  I would ! r .  
want t o  g e t  i n t o  a  p o l a r  o r b i t  and look a t  the  whole th ing.  A t  smal le r  ob jec ts  you 
do h o t  o r b i t ,  bu t  you would t r y  t o  go t o  say s i x  o r  e i g h t  c lose  po in ts  and ho ld  a  
. .  
pos i t i on .  Where does the t r a n s i t i o n  between these operat iona l  modes occur? : I '  FANALE: I ind ica ted  t h a t  stat ion-keeping i s  eas ier  than o r b i  t-keeping except f o r  the  b i g  I 
ones which have a  surface escape v e l o c i t y  o f  more than 100 m/sec. 
ARNOLD: What diameter i s  t h a t  roughly, do you r e c a l l ?  
NIEHOFF: Orb i t s  are poss ib le  around as tero ids  which are  s u r p r i s i n g  small,  maybe less  than , 
10 km. As an add i t i ona l  po in t ,  f o r  a  very small ob jec t  ( l ess  than 10 km), the surface I i 
weight  o f  a  lander would be measured i n  grams, not  i n  ki lograms; t h i s  i s  an important  : I '  
operat iona l  problem f o r  sampling . 1 : 
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